It is well accepted that Forkhead box protein L2 (Foxl2) and aromatase (Cyp19a1; the enzyme responsible for estrogen synthesis) are critical for ovarian development in vertebrates. Knockouts of Foxl2 and Cyp19a1 in goat, mouse, and zebrafish have revealed similar but not identical functions across species. Functional analyses of these two genes in other animals are needed to elucidate their conserved roles in vertebrate sexual development. In this study, we established foxl2 and cyp19a1a mutant lines in Nile tilapia. Both foxl2 2/2 and cyp19a1a 2/2 XX fish displayed female-to-male sex reversal. Sf1, Dmrt1, and Gsdf were upregulated in the foxl2 2/2 and the cyp19a1a 2/2 XX gonads.
It is well accepted that Forkhead box protein L2 (Foxl2) and aromatase (Cyp19a1; the enzyme responsible for estrogen synthesis) are critical for ovarian development in vertebrates. Knockouts of Foxl2 and Cyp19a1 in goat, mouse, and zebrafish have revealed similar but not identical functions across species. Functional analyses of these two genes in other animals are needed to elucidate their conserved roles in vertebrate sexual development. In this study, we established foxl2 and cyp19a1a mutant lines in Nile tilapia. Both foxl2 2/2 and cyp19a1a 2/2 XX fish displayed female-to-male sex reversal. Sf1, Dmrt1, and Gsdf were upregulated in the foxl2 2/2 and the cyp19a1a 2/2 XX gonads.
Downregulation of Cyp19a1a and serum estradiol-17b level, and upregulation of Cyp11b2 and serum 11-ketotestosterone level were observed in foxl2 2/2 XX fish. The mutant phenotype of foxl2 2/2 XX individuals could be rescued by 17b-estradiol treatment from 5 to 30 days after hatching (dah). Upregulation of Star1, the enzyme involved in androgen production in tilapia, was also observed in the foxl2 2/2 XX gonad at 30 and 90 dah. In vitro promoter analyses consistently demonstrated that Foxl2 could suppress the transcription of star1 in a dose-dependent manner. In addition, compared with the control XX gonad, fewer germ cells were detected in the foxl2 2/2 XX, F orkhead box protein L2 (Foxl2), a member of the Fox gene family, is involved in ovarian differentiation and oogenesis in vertebrates (1) . It is a transcription factor characterized by an evolutionary well-conserved DNA binding domain known as the Fox domain, which contains 80 to 100 amino acids (2) . The involvement of Foxl2 in ovarian development was first demonstrated in type I blepharophimosis-ptosis-epicanthus inversus syndrome, which causes premature ovarian failure in women (3) . Foxl2 is also involved in the polled intersex syndrome in goats (Capra hircus), where a natural deletion of 300 kb extinguishes Foxl2 ovarian expression and triggers female-to-male sex reversal (4) . Subsequent studies have confirmed that Foxl2 is a crucial female reproductive factor. Experimental knockout of Foxl2 also triggers XX sex reversal in goats, demonstrating that this is a key ovarian determining gene (5) . It has been concluded that Foxl2 is necessary for the development of the ovary and for maintaining its fate throughout life by preventing the expression of male cues (5) . Foxl2 knockout experiments have also been performed in mouse (Mus musculus) (6, 7) . Loss of Foxl2 function in the female mouse triggered sterility: the ovaries were small and disorganized where primary follicles were not formed and could not complete maturation (7) . FoxL2 is also highly expressed in the ovary of birds (8) , reptiles (9) (10) (11) , and amphibians (12) (13) (14) , suggesting a conserved function for Foxl2 among tetrapods.
Fishes are the largest group of vertebrates and provide valuable comparative material for studying the function of genes in sexual development. Foxl2 genes have been cloned from numerous fishes (15) (16) (17) (18) (19) (20) . In almost every species studied, foxl2 showed sexually dimorphic expression in the differentiating and adult gonads, with higher expression in ovaries compared with testes (15, 16, (21) (22) (23) (24) . Like mammals, fish foxl2 is expressed predominantly in the ovary granulosa cells (16, 18, 25, 26) , which are likely to be the primary source of circulating estrogens, the key hormone involved in fish ovarian development. Foxl2 expression was detected at the critical time for sex determination, 5 days after hatching (dah), in tilapia and willow minnow (Gnathopogon caerulescens) (25, 27) . Moreover, very high foxl2 expression was detected even as early as the gastrula stage in half-smooth tongue sole (Cynoglossus semilaevis) (17) . Foxl2 was reported to be a regulator of cytochrome P450 aromatase (Cyp19a1a), the key enzyme involved in the synthesis of estrogens, in tilapia and Japanese flounder (Paralichthys olivaceus) (25, 28) .
These studies led us to hypothesize that Foxl2 functions to determine and maintain ovarian development via estrogen synthesis in fish. In our previous studies, overexpression of the Foxl2 dominant-negative mutant in XX tilapia triggered female-to-male sex reversal, suggesting that Foxl2 acts as an antitestis gene (25) . Consistently, female-to-male sex reversal was also observed in Foxl2 knockdown tilapia (29) . Recently, mutation of both foxl2 and cyp19a1a has been reported in zebrafish (Danio rerio), and female-to-male sex reversal was observed for both homozygotes (30) (31) (32) .
Nile tilapia, a gonochoristic fish with an XX/XY sexdetermining system, with well-studied developmental pattern of gonads and available genetic all-XX and all-XY fish, provides an excellent model for studying sex determination and differentiation (33) (34) (35) (36) (37) . Recently, genome editing tools (29, 38) and genome sequences (39) have been reported in tilapia. Here, we report the establishment of foxl2 and cyp19a1a mutant lines in Nile tilapia. We found that foxl2 2/2 and cyp19a1a 2/2 XX fish each developed as male. We then analyzed gonadal gene expression, germ cell number, and serum 17b-estradiol (E2) and 11-ketotestosterone (11-KT) levels in the mutant and control fish.
Materials and Methods

Animals
Nile tilapia (Oreochromis niloticus) were kept in recirculating, aerated freshwater tanks at 26°C under a natural photoperiod. Animal experiments were conducted in accordance with the regulations of the Guide for Care and Use of Laboratory Animals and were approved by the Committee of Laboratory Animal Experimentation at Southwest University.
Establishment of foxl2 and cyp19a1a mutant lines
The tilapia foxl2 and cyp19a1a F0 XX mutants (foxl2 F0 and cyp19a1a F0) were generated by TALEN-induced gene mutation (29) . XY female (foxl2 +/+ and cyp19a1a +/+ ) were obtained by E2 (200-mg/g diet; Sigma, Darmstadt, Germany) treatment from 5 to 30 dah, as reported previously (37) . F1 offspring were produced by crossing F0 XX males with sexreversed wild-type XY females. Male and female siblings of the heterozygous F1 mutants (i.e., foxl2 +/2 and cyp19a1a +/2 ) carrying the same mutation were mated to generate homozygous F2 mutants (foxl2 2/2 and cyp19a1a 2/2 ). Heteroduplex mobility assays were performed using polyacrylamide gels electrophoresis to detect the mutations, as reported previously (40) . Primer sequences used for mutant screening are listed in Supplemental Table 1 . In-frame and frame-shift deletions were confirmed by Sanger sequencing. The sex of each fish was determined by genotyping with a sex-linked DNA marker (40) .
Immunohistochemistry
Six fish of each genotype, foxl2 2/2 , foxl2 +/2 , cyp19a1a 2/2 , cyp19a1a +/2 XX fish, and control XX and XY (foxl2 +/+ and cyp19a1a +/+ ) were analyzed. Gonads were dissected at 5, 30, and 90 dah, and then fixed in Bouin's solution for 24 hours at room temperature, dehydrated, and embedded in paraffin. Tissue blocks were cut into 5-mm sections and stained with hematoxylin and eosin or used for immunohistochemical analysis. Antibodies against Sf1 [research resource identifier (RRID): AB_2650454], Dmrt1 (RRID: AB_2650456), Gsdf (RRID: AB_2650457), Cyp11b2 (RRID: AB_2650466), and Star1 (RRID: AB_2650467) were prepared in our laboratory. The specificity of these antibodies has been analyzed previously (37, (40) (41) (42) (43) . The Cyp19a1a antibody (RRID: AB_2629226) was a gift from Prof. Yoshitaka Nagahama, National Institute for Basic Biology, Okazaki, Japan (44) . Antibodies against Sf1, Dmrt1, Gsdf, Cyp19a1a, Cyp11b2, and Star1 were diluted at 1:1000, 1:100, 1:1000, 1:3000, 1:500, and 1:1000, respectively.
Western blot
Three parallel samples (each composed of gonads from six individuals) were prepared from foxl2
+/2 XX fish, and control XX and XY fish at 90 dah to evaluate gene expression. Total proteins were extracted from gonads and diluted to a final concentration of 20 mg/mL and stored at 220°C until use. Western blots for Sf1, Dmrt1, Gsdf, Cyp19a1a, Cyp11b2, and Star1 were performed as reported previously (40) . The gene expression levels were measured by densitometry with Fusion-CAPT software (Vilber Lourmat, Marne-la-Vallée, France) and normalized using a-tubulin (RRID: AB_2619646) as the reference protein.
Quantitative reverse transcription polymerase chain reaction
Three parallel samples (each composed of gonads from six individuals) were prepared from foxl2 2/2 , foxl2 +/2 , cyp19a1a 2/2 , cyp19a1a +/2 XX fish, and control XX and XY fish at 90 dah. Total RNAs were extracted and treated with Dnase I (Takara, Shiga, Japan) to eliminate genomic DNA contamination. First-strand cDNAs were synthesized using PrimeScript RT Master Mix Perfect Real Time Kit according to the manufacturer's instructions (Takara). Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed on an ABI-7500 real-time PCR machine (Applied Biosystems, Darmstadt, Germany) according to the protocol of SYBR Premix Ex TaqTM II (Takara). Primer sequences used for qRT-PCR are listed in Supplemental Table 1 . The efficiency and specificity of primers used for qRT-PCR have been evaluated previously (41, 45, 46) . The relative abundances of mRNA transcripts were evaluated using the following formula: R = 2 -44Ct (47) . The arithmetic mean of the copy number of the three reference genes (b-actin, gapdh, and eef1a1) was used to normalize the expression values.
Measurement of steroid hormones
Blood samples were collected from groups of six fish of each genotype (foxl2 2/2 , foxl2 +/2 , cyp19a1a 2/2 , cyp19a1a +/2 XX fish, and control XX and XY fish). Blood was collected from the caudal vein at 90 dah and centrifuged at 10,000g for 5 minutes at 4°C. The sera were collected and stored at 220°C until use. Serum E2 and 11-KT levels were measured using the Enzyme Immunoassay Kit (Cayman, Ann Arbor, MI) according to the manufacturer's instructions. Before measuring the samples, linearity of the assays was checked in serial dilutions of three samples from the XX and XY control group (Supplemental Fig. 1 ).
Rescue experiment
The foxl2 2/2 XX fish were divided into an E2-treatment group and a control group. The treatment fish were fed a diet sprayed with 95% ethanol containing E2 at 200 mg/g feed, as reported previously (40), whereas control fish were fed a diet sprayed with 95% ethanol only. The treatment was applied from 5 to 30 dah, then both groups were fed a normal diet until 60 dah. The gonads of six fish from each treatment group were sampled at 60 dah for histology analyses.
In silico and in vitro promoter analyses
Tilapia star1 gene sequences were obtained from the Nile tilapia genome assembly Orenil1.0 (http://asia.ensembl.org/ Oreochromis_niloticus/Info/Index). In silico analyses of Foxl2 binding sites within the 2-kb sequence upstream of the ATG initiation codon were performed by searching of the consensus
cis-regulatory elements [(G/A (T/C) (C/A) A A (C/T)A] (25).
Cell culture, transient transfection, and luciferase assay were performed as reported previously (25) . Human embryonic kidney 293 cells (HEK293) were maintained at 5% CO 2 at 37°C with Dulbecco's Modified Eagle Medium (Gibco, Gaithersburg, MD) supplemented with 10% fetal bovine serum, penicillin (100 IU/mL), and streptomycin (100 mg/mL). HEK293 cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and the following three plasmids: 500 ng/well of constructs of the star1 promoter (2-kb upstream of the ATG initiation codon) cloned into the pGL3-basic luciferase reporter vector; 0 to 250 ng/well of pcDNA3.1 expression plasmid, containing cDNA encoding Foxl2 (49); and pRL-TK (Promega, Madison, WI) 100 ng/well. Renilla luciferase from pRL-TK was used as the internal control for transfection efficiency. Cells were seeded into 24-well plates the day before so that the population was 95% confluent on the day of transfection. The transfection solution consisted of 100 mL of Opti-MEM I reduced-serum medium (Gibco) containing precomplexed DNA and 2 mL of Lipofectamine 2000 reagent. Cells were washed in phosphate-buffered saline 48 hours after transfection, and lysed in 100 mL of luciferase lysis buffer. Firefly luciferase and Renilla luciferase readings were obtained using a Luminoskan Ascent luminometer (Thermo Fisher, Waltham, MA). Relative luciferase activity was calculated by dividing firefly luciferase activity by Renilla luciferase activity.
Estimation of the germ cell numbers
The gonads of six fish of each genotype (foxl2 2/2 XX, cyp19a1a 2/2 XX fish, control XX and XY fish) were dissected at 10 dah, fixed in Bouin's solution for 24 hours at room temperature, dehydrated, and embedded in paraffin. Tissue blocks were sectioned longitudinally at 5 mm and used for immunohistochemical analysis. Antibody against Vasa (RRID: AB_2650465), a gift from Prof. Yoshitaka Nagahama, National Institute for Basic Biology, Okazaki, Japan (48) , was diluted at 1:1000. The germ cell numbers were estimated as the number of Vasa-positive cells. The number of germ cells was counted for the foxl2 2/2 XX, cyp19a1a 2/2 XX, control XX, and control XY gonads. Total RNAs were extracted from the gonads of 20 fish from each genotype (foxl2 2/2 XX, cyp19a1a 2/2 XX, control XX, and control XY) at 10 dah and treated with Dnase I to eliminate the genomic DNA contamination. The relative vasa expression was analyzed by qRT-PCR as described previously. The primer sequences are listed in Supplemental Table 1 . The efficiency and specificity of the primers have been evaluated previously (41) .
Statistical analysis
Data are expressed as the mean 6 standard deviation. Significant differences in the data between groups were tested by one-way analysis of variance with a post hoc test. P , 0.05 was considered to be statistically significant.
Results
Establishment of foxl2 mutant line
The F0 foxl2-positive mutant fish were obtained as reported previously (29) . F1 mutant fish were obtained by crossing an F0 XX male with a sex-reversed, wild-type XY female. Heterozygous foxl2 F1 offspring with a 2-bp deletion in the exon were selected to breed the F2 generation (Supplemental Fig. 2 ). This frame-shift mutation resulted in the premature termination of Foxl2 translation on the Fox domain (Supplemental Fig. 2) . A heteroduplex mobility assay identified the heterozygous foxl2 +/2 individuals as those possessing both heteroduplex and homoduplex amplicons vs the foxl2 +/+ and foxl2 2/2 individuals with only homoduplex amplicons (Supplemental Fig. 3 ). The sex of F2 fish was genotyped by a sex-linked DNA marker (Supplemental Fig. 3 ).
Phenotype and gonadal gene expression of foxl2 F2 mutants
We analyzed the sex phenotype of F2 offspring at 90 dah. The foxl2 +/2 XX and foxl2 +/+ XX fish developed as female and the foxl2 2/2 XX and foxl2 +/+ XY fish developed as male [ Fig. 1(a) ]. immunohistochemical and Western blot analyses revealed that Sf1, Dmrt1, and Gsdf (male-dominant genes) were upregulated in foxl2 2/2 XX gonads, compared with foxl2 +/2 XX gonads, which displayed no difference to the control XX gonads [ Fig.  1(a-c) ; Supplemental Fig. 4 ). On the other hand, qRT-PCR showed that the expressions of b-cat1, b-cat2, and figla Figure 1 . Homozygous mutation foxl2 resulted in female-to-male sex reversal in XX tilapia. At 90 dah, the foxl2 +/+ XX (C, G, and K) and foxl2 +/+ XY (D, H, and L) gonads developed as ovary and testis, respectively, whereas the foxl2 2/2 XX (A, E, and I) gonad developed as testis and the foxl2 +/2 XX (B, F, and J) gonad developed as ovary. (a) Immunohistochemistry and (b, c) Western blot analyses revealed that Sf1, Dmrt1, and Gsdf were highly expressed in the foxl2 2/2 XX and foxl2 +/+ XY gonads, whereas in the foxl2 +/2 and foxl2 +/+ XX gonads, Sf1 and Gsdf were expressed weakly and Dmrt1 was not expressed. (d-f) qRT-PCR revealed the expression of b-cat1, b-cat2, and figla in the foxl2 2/2 XX and foxl2 +/+ XY gonads was significantly lower than in the foxl2 +/2 and foxl2 +/+ XX gonads. Data are expressed as the mean 6 standard deviation. Significant differences in the data between groups were tested by one-way analysis of variance with a post hoc test. Bars bearing different letters indicate significant differences (P , 0.05).
(female-dominant genes) were downregulated in the foxl2 2/2 XX gonads, similar to the control XY, compared with the foxl2 +/2 XX and control XX gonads at 90 dah [ Fig. 1(d-f) ]. No significant differences in fertilization rate were observed between the foxl2 2/2 XX male and the control XY male fish when mated with normal XX females (Supplemental Fig. 5 ).
The expression of Dmrt1 (a Sertoli cell marker) in the gonad of F2 fish was analyzed at 5 and 30 dah by immunohistochemistry (IHC). Dmrt1 was detected in the foxl2 2/2 XX and control XY gonads but not in the foxl2 +/2 XX and control XX gonads (Fig. 2) .
E2 synthesis was blocked in XX foxl2 2/2 tilapia By IHC, Cyp19a1a was found to be expressed in the control XX and foxl2 +/2 XX gonads but not in the control XY and foxl2 2/2 XX gonads at 5, 30, and 90 dah 
Phenotype of foxl2
2/2 XX fish could be rescued by
E2 treatment
Histologically, all E2-treatment (XX foxl2 2/2 + E2) and control XX fish developed as female, whereas all foxl2 2/2 XX and control XY fish developed as male when examined at 60 dah [ Fig. 3(e) ].
Androgen synthesis was stimulated in foxl2 Phenotype, gonadal gene expression, and serum E2 level of cyp19a1a F2 mutants Cyp19a1a F0 mutant fish were obtained as reported previously (29) . F1 mutant fish were obtained by crossing F0 XX males with sex-reversed wild-type XY females. Heterozygous cyp19a1a F1 offspring with a 7-bp deletion in the first exon were selected to breed the F2 generation. This frame-shift mutation resulted in the premature termination of Cyp19a1a translation before the P450 superfamily conserved domain (Supplemental Fig. 9) . A heteroduplex mobility assay identified the heterozygous cyp19a1a +/2 individuals as those possessing both heteroduplex and homoduplex amplicons vs the cyp19a1a +/+ and cyp19a1a 2/2 individuals with only homoduplex amplicons (Supplemental Fig. 10 ). The sex of F2 fish was determined by genotyping with a sexlinked DNA marker (Supplemental Fig. 10 ). Histological analyses revealed that all cyp19a1a +/2 XX and cyp19a1a +/+ XX fish developed as females, whereas all cyp19a1a 2/2 XX and cyp19a1a 2/2 XY fish developed as males [ Fig. 5(g) ]. Significantly lower levels of serum E2 were found in the control XY and cyp19a1a 2/2 XX fish compared with the control XX and cyp19a1a
XX fish [ Fig. 5(a) ]. Western blot analyses showed that the expression of Sf1, Dmrt1, Gsdf, and Cyp11b2 was upregulated in cyp19a1a 2/2 XX gonads. Expression of these genes was similar to that in the control XY fish, and distinct from their expression in the control XX XX male and the control XY male fish when mated with the normal XX females (Supplemental Fig. 5 ).
Germ cell number decreased in foxl2 2/2 and cyp19a1a 2/2 XX gonads There were fewer Vasa-positive germ cells in the foxl2 2/2 , cyp19a1a 2/2 XX and control XY gonads than in the control XX gonads [ Fig. 6 (a) and 6(b)]. qRT-PCR showed that vasa expression was much lower in the foxl2 2/2 , cyp19a1a 2/2 XX and control XY gonads than the control XX gonads [ Fig. 6(c) ].
Discussion
The evolutionarily conserved family of Fox genes is involved in many developmental processes, including sex determination and sexual differentiation. Our previous and foxl2 +/+ XX fish at 90 dah. (e) When examined at 60 dah, the E2-treatment (XX foxl2 2/2 + E2; B) and control XX (C) gonads developed as ovaries, whereas the foxl2 2/2 XX (A) and control XY (D) gonads developed as testes. Data are expressed as the mean 6 standard deviation. Significant differences in the data between groups were tested by one-way analysis of variance with a post hoc test. Bars bearing different letters indicate significant differences (P , 0.05). . Homozygous mutation cyp19a1a resulted in female-to-male sex reversal in XX tilapia. The serum E2 level was significantly lower in the cyp19a1a 2/2 XX and cyp19a1a +/+ XY fish than in the cyp19a1a +/2 and cyp19a1a +/+ XX fish at 90 dah. (b, c) Western blot analyses revealed that Sf1, Dmrt1, Gsdf, and Cyp11b2 were highly expressed in the cyp19a1a 2/2 XX and cyp19a1a +/+ XY gonads, whereas Sf1 and Gsdf were weakly expressed and Dmrt1 and Cyp11b2 were not expressed in the cyp19a1a +/2 and cyp19a1a +/+ XX gonads at 90 dah. (d-f) qRT-PCR revealed that the expression of b-cat1, b-cat2, and figla was significantly lower in the cyp19a1a 2/2 XX and cyp19a1a +/+ XY gonads than in the cyp19a1a
and cyp19a1a +/+ XX gonads at 90 dah. (g) When examined at 90 dah, the cyp19a1a +/+ XX (K) and cyp19a1a +/+ XY (L) gonad developed as ovary and testis, respectively, whereas the cyp19a1a 2/2 XX (I) gonad developed as testis and the cyp19a1a +/2 XX (J) gonad developed as ovary. Immunohistochemical analyses revealed that Dmrt1 was expressed in the cyp19a1a 2/2 XX (A, E, and I) and cyp19a1a +/+ XY (D, H, and L) gonads but not in the cyp19a1a +/2 (B, F, and J) and cyp19a1a +/+ (C, G, and K) XX gonads at 5, 30, and 90 dah. Data are expressed as the mean 6 standard deviation. Significant differences in the data between groups were tested by one-way analysis of variance with a post hoc test. Bars bearing different letters indicate significant differences (P , 0.05). studies of Foxl2 in Nile tilapia provided important clues to its function in females, which were consistent with the generally accepted concept that Foxl2 plays a major role in ovarian differentiation (15, 25, 29) . By mutating the foxl2 gene in tilapia, we provide, to our knowledge, the most comprehensive and conclusive genetic evidence so far in any nonmammalian species for the role of Foxl2 in female sex determination. A complementary study describing the knockout of zebrafish Foxl2a and Foxl2b was published while this manuscript was under revision (32) .
The gonads of foxl2 2/2 XX fish developed as testis, suggesting that loss of Foxl2 in XX tilapia resulted in female-to-male sex reversal. Sex reversal was confirmed by the observation that male-dominant genes (i.e., Sf1, Dmrt1, and Gsdf) were upregulated and femaledominant genes (i.e., figla, b-cat1, and b-cat2) were downregulated in the foxl2 2/2 XX fish. This is similar to the situation observed in the Foxl2 knockdown XX tilapia (29), Foxl2 2/2 XX goat (5), and homozygous
whose gonads all developed as testes. Furthermore, the sperm produced by the sex-reversed males were capable of fertilizing the eggs from wild-type females and showed no substantial difference in fertilization rate compared with wild-type males.
It is well documented that Sf1 is essential for gonadal development and sexual determination or differentiation (50, 51) . Our 2016 study demonstrated the negative regulation of Sf-1 expression by Foxl2 in gonads (40) , which agrees with the reports in mouse (52, 53) . Therefore, upregulation of Sf1 in foxl2 2/2 XX gonads could be explained as released suppression of sf1 transcription due to loss of Foxl2. Dmrt1 is an important transcription factor implicated in early testicular differentiation in vertebrates and is specifically expressed in Sertoli cells of the testis. It is well accepted that Foxl2 and Dmrt1 play antagonistic roles in sex differentiation, at least in mammal (54) (55) (56) (57) and fish (29, 37, 58) . As expected, similar to Sf1 expression, Dmrt1 was observed in the foxl2 2/2 XX gonads due to the loss of Foxl2. The same phenomenon was also observed in mouse gonads after Foxl2 ablation (54) . Gsdf, a gene downstream of dmrt1 in the male pathway, is required for testicular differentiation in Nile tilapia (58) . Moreover, in vitro promoter analyses demonstrate that Dmrt1 activates gsdf expression in the presence of Sf1, suggesting a synergism between Dmrt1 and Sf1 in activating gsdf transcription (58) . Altogether, available data suggest that in the foxl2 2/2 XX gonads, the expression of Dmrt1 and Sf1 enhanced the subsequent expression of Gsdf, which is reported to be sufficient to induce the male sex differentiation pathway in the XX gonads of tilapia and lead to testis fate (59) . Estrogens are necessary for promoting ovarian development and maintaining the female phenotype (60, , cyp19a1a 2/2 XX and control XY gonads than those of the control XX gonad at 10 dah. (c) qRT-PCR revealed that the expression of vasa was significantly lower in the foxl2 2/2 , cyp19a1a 2/2 XX, and control XY gonads than that in the control XX gonad at 10 dah. Data are expressed as the mean 6 standard deviation. Significant differences in the data between groups were tested by oneway analysis of variance with a post hoc test. Bars bearing different letters indicate significant differences (P , 0.05).
61). Aromatase (Cyp19A1) is the key enzyme for estrogen biosynthesis in vertebrates (62) . Due to the teleost-specific whole-genome duplication, bony fish have two genes encoding aromatase, cyp19a1a and cyp19a1b. In mammals, Cyp19a1 is expressed in both the ovary and the brain, whereas, in tilapia, the expression of cyp19a1a appears to be restricted to the ovary, and cyp19a1b is most highly expressed in the brain (63) . Therefore, cyp19a1a is likely the key gene that regulates tilapia female sexual development. Foxl2 2/2 XX gonads failed to express Cyp19a1a from 5 dah, resulting in a failure of estrogen synthesis. Foxl2 upregulates cyp19a1a gene expression by direct binding to the promoter (25) . Moreover, the sex reversal caused by foxl2 mutation could be rescued by E2 treatment.
Based on these data, we concluded that estrogen deficiency in foxl2 homozygous mutants was responsible for the sex reversal. The absence of Cyp19a1a expression and the presence of Dmrt1 expression in the foxl2 mutant gonad at 5 dah, the critical time for molecular sex determination in tilapia, suggest that the foxl2
XX fish shifted directly to the male pathway without any female differentiation. In teleosts, 11-KT, recognized as one of the major androgens, can regulate male spermatogenesis (64, 65) . Cyp11b2 is the enzyme responsible for the synthesis of 11-KT (66) . The elevated Cyp11b2 expression and serum 11-KT level in the foxl2 2/2 XX gonads promoted testicular development and spermatogenesis, and subsequently maintained the fertility of the sex-reversed fish. Star1, which is responsible for transportation of cholesterol to the inner membranes of mitochondria for conversion to other downstream steroid hormones, controls the rate-limiting step in steroidogenesis (67, 68) . Given that Star1 has previously been considered to play a critical role in promoting androgen production (43), we attempted to relate the star1 expression to the transcription factor Foxl2 using in vitro promoter analyses. Intriguingly, like human FOXL2 (68), tilapia Foxl2 activated star1 expression in a dose-dependent manner. Star1 was consistently expressed in the foxl2 mutant gonad at 30 and 90 dah, similar to the wild-type testis, as reported previously (43) . Thus, we conclude that one function of Foxl2 is to repress Star1 expression in the ovary. Loss of Foxl2 led to Star1-dependent androgen production, which, in turn, promoted testicular development and spermatogenesis in the sex-reversed gonad. As expected, low levels of E2 (similar to that of the wild-type male) and female-to-male sex reversal were observed in the XX homozygous cyp19a1a mutants. These results are consistent with recent reports in zebrafish (31, 32) . Sex reversal was confirmed by observation of an upregulation of male-dominant genes (Sf1, Dmrt1, Gsdf, and Cyp11b2) and a downregulation of female-dominant genes (figla, b-cat1, and b-cat2). The in vitro analysis revealed that tilapia Dmrt1 repressed basal as well as Sf1-activated cyp19a1a transcription. Moreover, transgenic overexpression of Dmrt1 in XX tilapia resulted in decreased Cyp19a1a expression, decreased E2 levels, and eventually led to sex reversal (66) . In contrast, knockdown of Dmrt1 in mosaic F0 tilapia resulted in increased Cyp19a1a expression and E2 levels (29) . Inhibition of endogenous estrogen synthesis using an aromatase inhibitor has been shown to induce masculinization in fishes (69) (70) (71) (72) (73) , amphibians (74) , reptiles (75) , and birds (76) . Like the foxl2 homozygous mutants, the cyp19a1a 2/2 XX tilapia shifted to the male pathway at as early as 5 dah, as reflected by the gonadal expression of Dmrt1. Furthermore, like foxl2 2/2 XX and the wildtype XY males, the cyp19a1a 2/2 XX males were fertile.
Our results further demonstrate that Cyp19a1a and estrogens are critical for female sex determination in nonmammalian vertebrates. The number of germ cells is one of the key factors involved in fish sex determination (77) . In tilapia, germ cell numbers showed no significantly change in either sex from 5 to 8 dah. However, the germ cell number increased significantly after 8 dah in XX female gonads, whereas it remained unchanged from 9 to 14 dah in XY male gonads (78) . The number of germ cells in the foxl2 2/2 XX and cyp19a1a 2/2 XX fish was similar to that of the XY fish at 10 dah, indicating that germ cell proliferation was suppressed and affected the sexual fate of the homozygous mutants. Given that Cyp19a1a is expressed in XX gonads around 5 dah, and that estrogens play a key role in sex determination in tilapia, we speculated that estrogens might regulate germ cell Figure 7 . Schematic representation of the role of Foxl2 on male pathway genes, steroidogenesis, germ cell number, and gonadal phenotype in tilapia. T, testosterone.
proliferation. Estrogen deficiency may be responsible for the lower number of germ cells in the XY fish and the homozygous mutants.
There are reports showing that the sexual phenotype is influenced by the epigenetic status (hypermethylation) of cyp19a1a (79, 80) . There is also a report showing transmission of the epigenetic status of pseudomale tongue sole to the next generation, which resulted in more males (81) . In the current study, the mutant lines of foxl2 and cyp19a1a were generated using a sex-reversal approach that exposes XY fish to high concentrations of E2 to feminize them. There may be other radical changes to the epigenetic status of these animals that are passed along to the F2 generation as a result of this manipulation. However, crossing E2-induced XY female mutant fish with wild-type XX males produced equal numbers of males and females in F1 progenies, and crossing of XX and XY F1 siblings resulted in equal numbers of males and females in F2 progenies, as expected. Similarly, in tilapia, crossing an XX pseudomale (induced by Fadrozole treatment) with a wild-type XX female produces all-female progenies (29, 40) . Therefore, it seems that epigenetic modifications are not passed to the next generation in tilapia.
In summary, we established foxl2 and cyp19a1a mutant lines in Nile tilapia. Foxl2 2/2 and cyp19a1a
2/2
XX fish displayed female-to-male sex reversal. The foxl2 mutant phenotype could be rescued by E2 treatment. Our results demonstrated that Foxl2 promotes ovarian development by upregulating Cyp19a1a expression, increasing germ cell number, and repressing male pathway gene expression (Fig. 7) . To our knowledge, this is the first report of a loss function study of Foxl2 and Cyp19a1a in a commercially important fish. 
